There are at least three major African haplotype backgrounds on which the ,jS mutation arises. Sequence changes in the immediate 5' flanking area of the y-globin genes may account for differences in fetal hemoglobin expression among the three haplotypes. We determined the sequence from -350 to 10 bp 5'
Introduction
The fi mutation causing sickle cell disease arose in Africa independently on at least three distinct chromosomal backgrounds or haplotypes, which are defined by the pattern of polymorphic restriction enzyme sites within and flanking the fl-like globin gene cluster (1, 2) . The three haplotypes are geographically distinct and have been extensively studied in Senegal, Benin, and the Central African Republic (CAR).'
The variability in hematologic characteristics between different patients with homozygous sickle cell disease (Hb SS) 1 . Abbreviations used in this paper: BEC, buccal epithelial cells; BEN, Benin; CAR, Central African Republic; Hb F, hemoglobin F; Hb SS, homozygous sickle cell disease; HPFH, hereditary persistence of fetal hemoglobin; MCV, mean cell volume; PCR, polymerase chain reaction. may be partially explained by the association with specific haplotypes (1, 2) . Sickle cell patients from Senegal have a high hemoglobin F (Hb F) (mean 12.1%) and a low percentage of irreversibly sickled cells. Their Hb F has a high percentage of Gy chain (mean 69.7%), a finding typical of normal infants (70% Gy/30% Ay), and unlike the 40% Gy usually found after the first year of life. In contrast, the Benin patients have a low Hb F (mean 7.4%), a higher proportion of ISC, and a Gy/Ay ratio of < 50%. The CAR patients have a relatively higher level of Hb F (mean 10.4%) and a low percentage of irreversibly sickled cells, as in Senegal Hb SS patients, while they have a low percentage ofGy (mean 40%), as do Benin Hb SS patients. The CAR patients can be further divided into two subsets, one with Gy < 38% and a low level of Hb F (mean 6.3%), and the other with Gy > 38% and a higher Hb F level (mean 12.5%) (3) (4) (5) (6) .
Genetic factors linked to the fl-globin gene cluster on chromosome 1 I have been implicated in potentiating the high ratio of Gy to Ay (7, 8) . The subhaplotype (+ -+ +), referring to Hind III and Hinc II polymorphic sites within the y-and the 4ifq-globin gene regions, is found in Senegal sickle cell patients.
This subhaplotype has also been associated with a high ratio of Gy to Ay in a variety of sickle cell patients from Georgia, Eastern Saudi Arabia, and one from Jamaica with Asian-Indian ancestry, as well as in patients with fl-thalassemia from Algeria and Georgia (7, (9) (10) (11) (12) . Linkage of this subhaplotype with a high ratio of Gy to Ay suggests that the area encompassing the Gy-Ay-44,i region may contain a critical control element.
There is ample evidence from naturally occurring and induced mutations that the 5' flanking regions of the y-globin genes play an important role in expression. The "ATAA," "CCAAT," and "CACC" boxes are localized in this region and are known to play a critical role in expression of human globin genes (13) (14) (15) (16) . Single-base changes occurring within a few hundred bases upstream from the y-globin genes have been associated with nondeletional forms of hereditary persistence of fetal hemoglobin (HPFH) (17, 18 and Fig. 1 the Gy gene are associated with Gy-#+-HPFH (15) (16) (17) (18) (19) (20) (21) (22) (23) . Additional changes at -202 5' to Ay and at -158 and -161 5' to Gy have also been found associated with elevated levels of Ay and Gy, respectively, in patients with mild forms of sickle cell disease (24) .
Restriction enzyme analysis shows that a T residue at -158 5' to Gy, which creates an Xmn I site, is associated with a high ratio of Gy to Ay and the (+ -+ +) subhaplotype in sickle cell patients from Senegal, Georgia, Turkey, Surinam, and Eastern Saudi Arabia (9, 25, 26 Preparation ofgenomic libraries. Genomic DNA from the three patients described above was isolated from peripheral blood leukocytes (36) , digested overnight with Bcl I or for varying times with Sau 3A I, and fractionated by sucrose gradient sedimentation (37) . DNA fragments -18 kb in size were isolated from gradients, dialyzed overnight against 10 mM Tris HCl, pH 7.8/1 mM EDTA, and the DNA was then extracted with an equal volume of sec-butanol, precipitated with 2.5 vol of ethanol, and then resuspended in Tris-EDTA buffer (37) . The fragments were ligated to Bam HI arms of the lambda vector EMBL 3A (38) , and phage were packaged and introduced into NM539 (39) . Approximately 7.5 X I04 recombinants were screened by filter hybridization (40) with a 'y-IVS 2 probe (supplied by 0. Smithies, Department of Pathology, University of North Carolina, Chapel Hill, NC) (41) , and positive clones were purified after three rounds of plaque purification. Fetal globin gene clones from the sickle cell patient heterozygous for SEN and BEN haplotypes were digested with Hind III to distinguish between the two chromosomes (1), and the SEN clone was used for further analysis.
Sequence analysis ofthe Gy-andAy-globin gene promoter regions. Phage DNA encompassing the linked G-y-Ay globin genes on the three ,l haplotype backgrounds was prepared using CsCl gradients (37) .
DNA was digested with Bam HI for 4 h, and the 2.6-kb 5' Gy-and 4.9-kb Ay gene fragments were isolated by electroelution (International Biotechnologies, Inc., New Haven, CT) after fractionation on a 0.7% (wt/vol) agarose gel.
The 2.6-kb Bam HI fragment, extending from the 3' end of exon 2 to -2,100 bp 5' to the Gy cap site, was ligated to Bam HI-digested M13mpl9 (42) . Ligations were performed using T4 DNA ligase at a DNA concentration of 10 ng/,l and a molar ratio (insert/vector) of2: 1. DNA was transfected into calcium-shocked Escherichia coli JM 107 or HB O1, and bacteria were plated in the presence of isopropyl thiogalactoside and 5-bromo-4-chloro-indoyl-B-D-galactoside to identify recombinants (43) . Double-stranded DNA was purified from clear plaques (44) , digested with Bgl II, and separated by electrophoresis on agarose gels to determine the orientation of the inserts. Single-stranded DNA preparations were made from inserts in both orientations and used as templates for sequence determination, using the dideoxy sequencing method (45) (46) (47) . Synthetic oligonucleotides, one spanning -391 to -377 (ACTACAGGCCTCACT) and the other spanning 53 to 71 (CTCTGTGAAATGACCCATG), were prepared by the phosphoramidite method on an 380B DNA synthesizer (Applied Biosystems, Inc., Foster City, CA) and used as primers for sequence analysis of -y-globin genes from both loci.
PCR analysis of '-and f#'-containing chromosomes. Genomic DNA was isolated from peripheral blood leukocytes (35) of normal blacks and patients with sickle cell disease. Also, genomic DNA was obtained from buccal epithelial cells (BEC) after a 10-s mouthwash with 15 ml of0.9% (wt/vol) saline (48) . BEC were pelleted by centrifu-gation at 500 g for 10 min, resuspended in 500 ,ul water, boiled for 10 min, centrifuged briefly, and an aliquot of the supernatant was used for PCR.
Amplification was as described (49), with minor modifications.
Reactions in 100 td contained 0. Fig. 2 ). Samples were heated to 950C for 5 min, centrifuged briefly, 2.5 U Taq polymerase (PerkinElmer Cetus, Norwalk, CT) was added, and the sample was covered with 100 Ml paraffin oil. PCR was accomplished using a DNA thermal cycler (Perkin-Elmer Cetus) for 30-35 cycles of amplification, with each cycle defined as follows: 93-950C (1-2 min), 50-550C (1-2 min), and 720C (2-5.5 min). Samples were then incubated at 4VC, extracted once with 100 Ml chloroform, and 10 Ml (-10% total) was electrophoresed on a 2% (wt/vol) agarose gel to monitor size of the amplified product.
The sequences and positions of PCR primers (AI -A3) and radiolabeled probes (P1-P4) are shown in Fig. 2 . For monitoring the G-y-309 variant, a 462-bp region was amplified using primers Al and A3, which resulted in amplification of both G-y and Ay 5' flanking regions. Synthetic oligonucleotide probes, P1 and P2, extending from -300 to -318 5' to the Gy gene, and containing either the -309 normal (A) or -309 variant (G), respectively, were then used to screen dot blots of the A1/A3 PCR products. The probes were constructed to anneal selectively only to the Gy 5' flank. The Gy and A'Y flanking sequences differ at positions -307 and -317 5' to their respective cap sites (50) , and probes P1 and P2 contain only the Gy sequence at these sites, facilitating distinction between the two genes. For monitoring the Ay -271 variant, a 734-bp fragment was amplified using primers A2 and A3 (see Fig. 2 ), which selectively amplified only the Ay 5' flank due to sequence specificity of primer A2 for A'y (50) . Oligonucleotide probes, P3 and P4, extending from -280 to -2625' to the A-y gene and incorporating either the -271 normal (C) or the -271 variant (T), respectively, were used to screen dot blots ofthe A2/A3 PCR products. Inc., Milford, MA), which had been pretreated with 50% methanol and 50 mM KH2PO4. The resin was rinsed once with water, and labeled probe was eluted with 60% (vol/vol) methanol. An appropriate volume of probe was added directly to the hybridization solution.
Results
Hb F, Gy, MCV, and haplotype analyses for the three patients are shown in Table I The patient with one SEN chromosome expressed a high level of Hb F (12.4%) and high Gy (6 1%) , while the one homozygous for the CAR haplotype had a lower level of Hb F (3.9%) and low Gy (36%). These results are consistent with previous data (5, 6) and within the wide range found in patients with sickle cell disease in the United States. Since the BEN chromosome came from a patient heterozygous for G'y-(+-HPFH, the effect of the BEN haplotype on Hb F expression could not be discerned; the patient had a high Hb F (29.5%), which was all Gy (18, 32, 33) .
The DNA sequence of the immediate 5' flanking region was determined for the Gy-and Ay-globin genes on the three different haplotype backgrounds from -350 bp 5' to 10 bp 3' to the cap sites, and compared with reference fetal globin gene sequences (50) (Fig. 3) . The Gky-globin gene on the BEN haplotype background had an A to G change at -309 and a C at -158, while the linked Ay gene sequence was identical to the reference gene. The reference gene from the first report of this sequence has a T at -158 in Gy, but recent data show that a C is usually present here (15, 20, 25, 26) . The Gy-globin gene from the SEN haplotype background had the expected T at -158, which is associated with a high Gy to A'y ratio in a variety of patients with sickle cell disease and f3-thalassemia (12, 25, 51) . The Ay gene on this SEN chromosome was identical to that of the reference gene in the region of sequence analysis. The Gy gene sequence from one of the two chromosomes from the patient homozygous for on the CAR haplotype background showed a C at position -158, while the linked Ay gene had a T at position -271. We next addressed the question of whether sequence changes at -309 (A to G) 5' to the Gy gene on the BEN chromosome, and at -271 (C to T) 5' to the Ay gene on the CAR chromosome were haplotype associated and only found on ,'-containing chromosomes. Genomic DNA amplifications (PCR) using synthetic oligonucleotide probes were used to amplify and analyze the fetal globin gene 5' flanking regions (Fig. 2) . A portion ofthe PCR product was electrophoresed on a neutral agarose gel, revealing the presence of the anticipated -460 bp amplified product using primers Al and A3, and a -760-bp product using primers A2 and A3. Results of dot blot analysis of the PCR products, using selective hybridization of radiolabeled, allele-specific, synthetic oligonucleotide probes are shown in Table II .
Of the 39 patients with sickle cell disease examined for the -309 A to G change 5' to Gy, all 15 BEN homozygotes were homozygous for G; one patient homozygous for SEN and one for CAR were both homozygous for A. Of the 18 patients Of the 40 patients with sickle cell disease examined for the -271 C to T change 5' to Ay, 2 CAR homozygotes were homozygous for T, one SEN homozygote and 14 of 15 BEN homozygotes were homozygous for C, and the remaining BEN homozygote was heterozygous (C; T). Of the 13 CAR heterozygotes, all were heterozygous (C; T). Of the 9 non-CAR heterozygotes, all were homozygous for C. Therefore, there is an association of the -271 Ay change with the CAR haplotype: 17 homozygotes and 22 heterozygotes were consistent with this association, while 1 homozygote was not. None of 12 normal blacks (Hb A) examined had a T at the Ay -271 position.
Discussion
The 5' flanking regions of Gy-and A-y-globin genes are identical out to 471 bp 5' to the cap sites, except for six base differences clustered in the region -271 to -398 bp ( Fig. 1) (50) . This divergent region may potentiate changes in Gy to Ay ratios and Hb F levels. The sequence changes we found on the BEN and CAR chromosomes occur in this region, and may be important in the control of fetal globin gene expression. Our PCR analysis ofa variety of,'-containing chromosomes shows that the -309 variant 5' to the Gy gene predominates on BEN, while the -271 change 5' to the Ay gene predominates on CAR. The -309 variant was also found associated with Gy genes on normal (3A-containing chromosomes (13 of 36 had the variant), while the -271 variant was not. Although these data are not sufficient to determine whether the sickle mutation or the additional Gy alteration occurred first in each instance, a possibility is that the -309 change predated the 1' mutation on the BEN haplotype since it is also common in the normal population, while the -271 change may have occurred after or concurrent with the (3 mutation on the CAR chromosome. Another possibility is that the -271 change predated the #S mutation on CAR, but that the frequency of this haplotype in the normal population that we screened was too low to be detected. Other arguments are equally feasible on the basis of current data, and further population studies are now indicated. The findings for the -309 Gy variant with respect to Hb F production may be similar to the -158 C to T change 5' to the Gy gene on SEN chromosomes; the presence of the -158 change on normal chromosomes is associated with limited effect on fetal globin gene expression (24) .
Sequence changes in the immediate 5' flanking region of the fetal globin genes could affect gene expression by altering chromatin structure, modifying DNA methylation patterns, and/or potentiating changes in critical DNA-protein interactions (17, 52, 53) . A concensus core enhancer binding site (TGGAATG) for SV40 is present in the -270-bp region 5' to the y genes (24) , so that sequence changes here might lead to altered binding of ubiquitous or erythroid-specific protein factors (54, 55) peripheral blood or in burst-forming unit-derived cells (51) . Hemolytic stress appears to be required for an effect on fetal hemoglobin expression.
The C to T change at position -271 5' to the CAR Ay gene may, in fact, be the result of a gene conversion event causing
the Gy and AT genes to resemble each other more closely (Fig.  3) , perhaps conferring changes in function of the Ay gene as well. Analysis of the Gy and Ay genes on both chromosomes from one individual (41) suggested that the 5' region of the Ay-globin gene, from -50 to IVS 2, could convert by intergenic exchange, resulting in the linked Gy-Ay genes being more alike than the two Ay genes. Alternatively, this change at -271 could be a neutral polymorphism.
Results for the -271 AT variant may be of relevance to the origin of an Rsa I polymorphism located -550 bp 5' to the (3-globin gene (27) . Our earlier study showed association between CAR-containing (3 chromosomes and cleavage at this Rsa I site (31) . We have further extended those results with analysis of additional patients in this report, and found the Rsa I cut site was also present on a minor #'-containing haplotype found in at least five unrelated families (seven total patients with sickle cell disease). This minor haplotype (----+) (Rsa I site follows the usual Hind III and Hinc II sites) differs from CAR-containing (3 chromosomes at the Gy-Hind III site (-instead of +), suggesting that either (a) the Rsa I polymorphism occurred once on CAR and then the chromosome diverged at the G'y-Hind III site, or (b) the polymorphism occurred twice, independently on CAR and on the minor haplotype. Our results favor the latter explanation, because Ay-globin genes on this minor haplotype background contain C at the -271 position instead of T, which is associated with the CAR haplotype. Analysis of haplotype frequencies and distribution of these variants in the normal black population should help delineate origins of these single-base changes.
Functional expression of isolated genes or 5' DNA regions are now required to determine the role of these changes in the expression of the fetal globin genes. Although the immediate 5' flanking area is important, there is evidence that determinants affecting Hb F expression may be in other parts ofthe fl-globin gene cluster on chromosome 11, or even on other chromosomes (56, 57) . Further investigation including additional DNA sequence analysis and functional studies will be necessary to define these genetic determinants.
